Patient-derived culture models enable assessment of drug sensitivity and can connect personalized genomics with therapeutic options. However, their clinical translation is constrained by limited fidelity. We outline how the physical microenvironment regulates cell metabolism and describe how engineered culture systems could enhance the predictive power for precision medicine.
Aberrant cell metabolism is a hallmark of cancer that is driven by interconnected biochemical and biophysical factors acting on cells, tissues, and body fluids. The reciprocal interplay between these factors is controlled at multiple levels, including genetic alterations, cellular composition of the microenvironment (such as immune and stromal cell contributions), lifestyle-and age-dependent variations of organismal metabolism, and environmental exposures (Fig. 1) . Moreover, the extent to which these mechanisms affect tumor metabolism is highly dependent on previous treatment history and temporal dynamics that are controlled by the circadian clock (1) . As normal cells transform into tumor cells, they must adapt their biochemical networks to coordinate the flux of metabolites through numerous interdependent pathways to meet the new requirements of their oncogenic state (2) . These changes govern the conversion of biomass, molecular energy, and redox equivalents required for virtually all biological functions during tumor development (3) . The importance of altered metabolism in human cancer is further highlighted by the observation that the most highly recurrent genomic alterations activate oncogenic signaling pathways such as Ras/MAPK (mitogen-activated protein kinase) and PI3K (phosphoinositide 3-kinase)/AKT, which, in turn, are key regulators of cell metabolism (4) . Despite these universal mechanisms, metabolic phenotypes vary widely. For example, it has long been thought that aerobic glycolysis is the dominant metabolic phenotype for proliferating cells to generate building blocks for cell division. However, more recent experimental evidence suggests that cancer cells increase flux through both glycolysis and oxidative metabolism to support biomass growth (2) . This reprogramming supports tumor growth, allows cells to survive adverse conditions (stresses), and promotes invasive behaviors.
In addition to altered molecular signaling, metabolic reprogramming is also the cause and consequence of a perturbed microenvironment, which plays a major role in producing the diversity of metabolic phenotypes that can be found not only among tumors but also across different regions of the same tumor (5, 6) . Hence, it is perhaps not surprising that nutrient utilization of cancer cells in vitro differs from that of tumors in vivo (7) . Although the metabolic phenotype of the tumor cells themselves may be responsible for these observations, it is likely that the interactions with other cell types present in the tumor microenvironment, but lacking in vitro, play a critical role (8) . For example, stromal cell metabolism is key to generating a favorable nutrient and energy landscape for tumors, and, more recently, similar observations have also been made for immune cells (9) . Our understanding of the role of molecular and cellular changes in the microenvironment is advancing at a rapid pace. However, the direct functional effects that biophysical changes of the microenvironment have on cancer metabolism are largely overlooked. Below, we will highlight mass transport considerations and tumor mechanics as specific examples for physical aberrations intrinsic to the tumor microenvironment and describe model systems to help understand their impact on cancer.
METABOLIC TRANSPORT: CONVECTION-DIFFUSION REACTION KINETICS
Limited availability of oxygen, local and systemic accumulation of lactic acid, and spatiotemporal variations of metabolic substrates are hallmarks of cancer-associated mass transport that can be attributed to dysfunctional blood vascular and lymphatic systems (10) . In tumors, the dysfunction of both systems can be explained by (i) excess amounts of angiogenic factors and (ii) pressure exerted by the expanding tumor mass. Together, these conditions promote the formation of leaky and collapsed blood vessels and lymphatics that negatively affect fluid delivery and drainage. The resulting changes in hydrostatic forces, including increased interstitial pressure, deregulate the spatial and temporal presentation of respiratory gases, metabolites, and soluble factors (10) . Abnormal distribution of these factors, in turn, influences metabolic reaction kinetics, further aggravating the emergence of heterogeneous biochemical gradients throughout tumors. Hypoxia and lactic acidosis are principal consequences of aberrant microvascular and lymphatic transport.
Normal cells typically respond to adverse microenvironmental conditions such as hypoxia and acidic pH by exploiting highly conserved regulatory systems of metabolic wiring to support cell survival, growth, and proliferation. These include systems mediated by hypoxia-inducible factor (HIF) (11), mammalian target of rapamycin complex (mTORC) (12) , and adenosine 5′-monophosphateactivated protein kinase (AMPK) (13) . As cells undergo oncogenic transformation, they coopt these homeostatic signaling mechanisms and additionally exploit growth factor signaling pathways such as MYC, PI3K, MAPK, phosphatase and tensin homolog (PTEN), p53, and organic cation transporter 1 (OCT1) to support proliferative metabolism at the cellular level. The resulting changes in signaling allow cancer cells to decouple their metabolism from systemic regulation of metabolism by, for example, insulin balance, which supports their hyperpro liferative state under otherwise restrictive conditions (6) .
It is the combination of microenvironmental and signaling changes that favors cancer cells exhibiting metabolic plasticity. Metabolic flexibility allows tumor cells to regulate glycolytic and oxidative flux to overcome adverse tissue conditions, in cluding hypoxia, acidosis, increases in reactive oxygen species, and limited nutrient availability at the interior of a tumor. For example, during lactic acidosis, cancer cells can exhibit nonglycolytic metabolism, characterized by reduced glucose uptake and negligible lactate production. This nonglycolytic phenotype provides a protective effect when cells are subsequently exposed to hypoglycemic conditions (12) . Metabolic plasticity appears to be at least partially independent of genetic profile, because environmental changes can induce isogenic populations of cancer cells to switch from glycolytic to oxidative phenotypes (14) .
The ability of tumor cells to adapt to fluctuating tissue conditions can also result in the emergence of distinct subpopulations that cooperate through complementary modes of metabolism. Adjacent tumor niches interact through asymmetric "supply and demand" for intermediate metabolites, bioactive byproducts, and oxygen. For example, some oxygenated cancer cells express monocarboxylate transporter 1 (MCT1), allowing them to consume the energy-rich metabolites produced by Warburg-like cells, which use aerobic glycolysis rather than oxidative phosphorylation (15) . This mechanism of nutrient exchange, known as "metabolic symbiosis," uses lactate from hypoxic cells to fuel oxidative metabolism in aerobic tumor compartments (16) . Cancer cells can also manipulate the metabolic properties of stromal fibroblasts to shift toward aerobic glycolysis, thus promoting metabolic efficiency and proliferative capacity. In addition, a variety of other conditions further augment complexity. In particular, metabolic rewiring can directly affect immunity and vice versa (9) . This interplay has potentially far-reaching im plications not only for the growing field of immuno-oncology but also for obesity-associated cancers, which tend to be more aggressive and occur in microenvironments that exhibit intrinsically impaired immunity and metabolism (17) .
Spatial and temporal variations are key features of the metabolic landscape; tumor cells mutually shape and respond to their soluble environment, driving multiple metabolic phenotypes within individual tumors. Although most of the changes described above occur relatively quickly because of transcriptional changes and/or variations in protein activity, it should also be considered that the periodic flux in metabolic cycles is subject to the 24-hour circadian rhythm (1) . To what extent this regulation is dependent on the physical environment remains to be determined. Nevertheless, the full continuum of biochemical niches distributed throughout the tumor across varying time scales produces a mosaic of metabolic phenotypes that ultimately affect a patient's response to treatment.
BIOPHYSICAL FORCES: THE MECHANICS OF TUMOR METABOLISM
In addition to the soluble microenvironment, metabolic pathways are also sensitive to variations in tumor mechanical properties. Increased tumor stiffness can be attributed to a variety of parameters. In particular, increased cell density as well as deposition and contraction of fibrillar extracellular matrix (ECM) proteins, resulting from the formation of an activated tumor stroma, play important roles. Furthermore, increased concentrations of glycosylated matrix components control tissue hydration and interstitial osmotic pressure (18) . Water absorption, in turn, causes swelling, which further contributes to the palpable stiffness of solid tumors and the transport limitations highlighted above (19) . The resulting changes in tissue architecture, as well as matrix structure and mechanics, can affect tumor metabolism through altered mechanotransduction, a process by which cells convert extracellular mechanical cues into biochemical outputs. ECM structural elements that were once considered to be static architectural features are now known to regulate an intricate network of force-sensitive signaling functions that play a critical role in the development of disease (20) . In particular, integrin receptors, which are transmembrane heterodimers that physically link the ECM and the actin cytoskeleton, are primary mediators of mechanotransduction (21) . Acti vation of integrin-mediated mechanosignaling can be induced by external forces applied to the cells (for example, due to dynamic mechanical loading in the skeleton) or by the cells themselves. More specifically, cells generate forces in response to tumor stiffness by increasing contractility after phos phorylation of myosin light chain (MLC) by Rho kinase (ROCK) (20) . Under mechanical tension, actin filaments bundle into stress fibers, and integrins cluster to form focal adhesions, which both play active roles in regulating multiple aspects of cell metabolism (22) .
Focal adhesions are important elements of mechanical signal transduction, and multiple signaling pathways that regulate metabolic processes also converge at this interface. For example, focal adhesions are canonically associated with activation of focal adhesion kinase (FAK) and c-Src tyrosine kinase (CTK), which activate Ras and the MAPK pathway (23) . In addition, the PI3K-AKT-mTOR pathway is a core element of focal adhesion signaling by operating as a transducer for growth factor receptors and Ras. Through receptor clustering, focal adhesions directly enhance growth factordependent PI3K signaling and a host of downstream functions (24) . By exerting mechanical control over tyrosine kinase effector networks, focal adhesion proteins directly contribute to malignant invasion, as demonstrated by the loss of tissue organization and concomitant changes in metabolic activity on stiffer substrates (25) . Inhibiting the adhesion apparatus, or restoring appropriate matrix mechanics, results in cell quiescence and tissue homeostasis (26) . Nevertheless, adhesion-dependent signaling may vary as a function of the specific ECM context in which cells are located, with potential consequences for metabolism. For example, changes in the spatial presentation of ECM components can activate focal adhesion protein signaling in the absence of detectable focal adhesion formation, and these differences may regulate processes such as tumor cell invasion and interactions with the surrounding stroma (27) .
Remodeling of the actin cytoskeleton not only is a key component of mechanosignaling but also had already been described as a potential regulator of glycolytic enzymes in 1968 (28) . Recent evidence helps explain why. Actin polymerization involves the rapid assembly and disassembly of fiber bundles that provide the structural framework of the cell. When actin fibers disassemble, they release the metabolic enzyme aldolase, which catalyzes the conversion of 6-carbon fructose molecules to the 3-carbon molecules glyceraldehyde and dihydroxyacetone, ultimately accelerating glycolysis (29) . This mechanism sensitizes glucose catabolism to external mechanical forces, thus establishing a potential direct link between matrix mechanical properties and cell metabolism.
Reciprocally, metabolic changes also affect the way cells interpret their mechanical environment. For example, glutamine metabolism appears to play a key role in mechanosignaling (30) . A recent study reported that glutamine regulation partly controls the activity of RhoA, an oncogenic guanosine triphosphatase (GTPase) involved in focal adhesions and actin stress fiber assembly. Hyperactive RhoA signaling typically causes oncogenic transformation, but this effect could be reversed using a small-molecule inhibitor of glutaminase (GLS1), the amidohydrolase enzyme that converts glutamine to glutamate for entry into the tricarboxylic acid (TCA) cycle (22) . Ano ther study corroborated this observation by showing that stiffness-induced changes in glutamine flux were mediated in part by transcriptional regulation of GLS1 (31), suggesting reciprocal feedback between mechano signaling and glutamine metabolism.
The above connections suggest that matrix mechanics and mechanosignaling directly regulate metabolic functions. Still, it has to be kept in mind that ECM is not a static element of the tumor microenvironment but undergoes spatiotemporal variations, which, in turn, can be influenced by varied metabolic transport. For example, an increase in hypoxia causes up-regulation of lysyl oxidase (32) , which can induce structural and mechanical changes in collagen type I that activate mechanosignaling (33) . Hence, tumor-associated transport and mechanics are functionally linked and should be carefully considered when studying tumor cell metabolism. By incorporating these factors into models of patient disease, the predictive value of such models will be improved, as will their ability to identify effective therapeutic strategies.
EXPERIMENTAL PLATFORMS: ENGINEERING MODEL SYSTEMS
Although in vitro models can never capture a complete representation of the tumor microenvironment, they can be useful for examining the effect of its most salient features on cellular metabolism, including physical properties of the matrix and the impact of fluid transport. One of the greatest challenges in studying metabolism is navigating between levels of space, time, and complexity, from molecular details to whole-body phy siology. This is one area in which new tissue-engineered model systems are proving especially useful.
Conventional in vitro assays are largely based on monotypic populations of cells cultured on plastic or glass substrates. Monolayer cultures of homogeneous cells, or mouse xenografts derived from commercial cell lines, diverge from the original tumor, most notably through the dramatic loss of heterogeneity and tissue structure. Microarray-based comparisons of cancer cells in two-dimensional (2D) versus 3D culture revealed broad changes in hypoxia response and proinflammatory pathways (34) . These observations reflect a growing consensus that the culture environment is a critical determinant of cell behavior and that 3D models may be able to recapitulate changes in cellular metabolism that cannot be studied using conventional in vitro approaches.
Varying degrees of complexity can be accomplished with 3D culture techniques. Simply embedding cells within 3D substrates can restore a mélange of important functions, including 3D morphogenesis, assembly of multiprotein adhesions, secretory functions, and tissue homeostasis. However, "3D culture" has become an umbrella term that obscures a more nuanced reality. There are many differences between 2D, 3D, and physiological settings; dimensionality is com plicated by the numerous parameters that define each model system. For example, "matrix mechanics" encompasses fiber architecture and conformation, matrix composition and porosity, covalent and ionic cross-linking, cell density, polarity, and contractility. Similarly, "mass transport" not only is a question of vascular proximity but also involves osmotic and hydrostatic pressure gradients, fluid viscosity and shear stress, cell density and metabolic activity, concentrations of ions and dissolved gases, and matrix binding kinetics. Functional consequences emerge from the integrative effects of these manifold variables, rather than from a perfunctory switch from 2D to 3D. 3D assays provide demonstrable evidence that context is important, but we must carefully consider how various features of the experimental system provide instructive cues that alter cell behavior, especially with regard to metabolic programming. Because many physical factors can affect tumor metabolism by altering nutrient availability, it is also critical to consider that media composition alone can have profound effects on metabolic wiring and regulation. This was highlighted by a recent study showing that culturing cells with human plasma-like medium affected their metabolism, including the metabolome, redox state, and glucose utilization (35) .
Emerging tissue-engineering technologies now provide attractive tools to control the physical microenvironment for studies of cancer cell metabolism. Hydrogel-based biomaterials are frequently the basis for 3D culture, and a catalog of natural and synthetic materials is available to support cell adhesion, viability, and remodeling; nutrient and waste exchange; and appropriate mechanical properties. Natural materials have inherent biological functions, such as adhesive ligands and cleavage sites, but it can be difficult to precisely define and manipulate the composition and/or structural properties. On the other hand, synthetic gels afford greater control over materials properties, and can be readily manipulated with biological moieties, but lack the biological complexity of native tumor-associated ECM. Nevertheless, it should be kept in mind that cells remodel their ECM environment over time. Hence, the ECM that exists at any given time will differ from its initial state, which, in turn, will influence the type of ECM that will be deposited.
Both natural and synthetic materials are readily integrated with microfluidic technologies to recapitulate matrix mechanics and fluid transport processes that affect tumor metabolism. For example, microfluidic biomaterials can be generated using a confined gel, whereby microchannels are patterned within a transparent silicone mold (36) . Alternatively, dense hydrogels allow imprinting of microfluidic conduits directly within the scaffold to control the spatial and temporal gradients of exogenous factors or drugs, reminiscent of microvascular function (37, 38) . In addition to forming predefined vascular structures, endothelial cells can also be mixed into natural or synthetic ECMs to allow them to assemble into microvascular networks that model those of primary tumors (39) . These strategies have been used to construct biomimetic vascularized tissue constructs to recapitulate the individual and combinatorial effects of matrix structure, solute transport, and cellular com position that define the metabolic environment.
Microfluidic biomaterials can also be integrated with live cell imaging techniques to acquire spatial and temporal information about the complex interdependencies between the microenvironment and cell metabolism. These tools can be used to readily manipulate and measure real-time, singlecell dynamics by using endogenous or genetically encoded fluorescent sensors. For example, a vascularized microtumor (VMT) model was used to map metabolic activity within different regions of hybrid microfluidic organoids via fluorescence lifetime imaging of NAD + (nicotinamide adenine dinucleotide) and NADH (reduced form of NAD + ) (40) . The VMT platform mimicked stromal composition, matrix structure, and vascular function, and it simulated metabolic responses to pharmacologic agents (40) .
Advances in biomaterials and microfabrication technologies (like the VMT model described above) afford new methods to integrate vascular, stromal, and epithelial compartments with precise arrangements of parenchymal and interstitial elements (41) . In addition, emerging tissue culture techniques have produced a new generation of microphysiological devices ("tissue chips") that capture increasingly accurate representations of whole organs, including liver, kidney, heart, lungs, brain, gastrointestinal (GI) system, blood vessels, skin, adipose, cervix, uterus, and ovaries (41) . Originally designed for preclinical drug screening, organ-on-a-chip models have been used to simulate first-pass metabolism; activation of anti cancer prodrugs; synergistic actions of drug combinations; modulation of tissue bioavailability; membrane barrier function; off-target toxicity; and mechanisms of drug adsorption, distribution, metabolism, and excretion (42) . Tumor metabolism is a multiscale phenomenon, and these platforms make it possible to simulate higher-order metabolic regulation in vitro.
The next milestone for microphysiological platforms involves the serial integration of multiple organs within a single device. A complete "body-on-a-chip" would simulate interactions between organs, such as drug adsorption through the GI tract, metabolism in the liver, clearance in the kidneys, and cytotoxic effects in the heart or other tissues (42) . Already, pioneering systems have been strategically validated as physical analogs for pharmacokinetic/pharmacodynamic modeling (43) . By carefully controlling tissue volume and fluid residence time, integrated microphysiological systems can mimic drug distribution, uptake, and activity in surrogate organs (44) . One such platform predicted nontarget drug retention in adipose tissue and nephrotoxicity. Similarly, a commercial model called Hurel was instrumental for identifying drug metabolites that were not present in traditional, monotypic cell culture (45) .
Collectively, microphysiological devices present a promising opportunity to navigate across cell, tissue, and organ systems when investigating cancer metabolism and drug response. Microtissue devices are not delicate "artisan" products but increasingly robust platforms for broad application in the laboratory and the clinic. Several platforms are com mercially available, with high simplicity, reliability, and throughput, making these technologies suitable for implementation in nonengineering laboratories.
CLINICAL TRANSLATION: METABOLISM IN PRECISION ONCOLOGY
The manifold variables that influence metabolism and drug response make it challenging to infer susceptibility to targeted pharmaceutical agents. Factors related to metabolism and energetics (diet, physical activity, weight control, and vascular health) interact with genetic, physiological, and environmental variables to influence cancer risk, prognosis, and treatment outcomes in ways that are often impossible to predict. Even the time of day and its relationship to fed/fast states and circadian rhythm have been demonstrated to affect drug efficacy (1, 46) . Every patient manifests a unique and ever-changing gene expression, metabolic profile, and tissue microenvironment.
The precision medicine paradigm has been championed as a strategy to account for the dynamic, patient-specific variations in tumor behavior. Originally, precision oncology used molecular information to prioritize therapies for patients who expressed specific biomarkers. Now, comprehensive approaches integrate pathology, -omics analyses, and functional diagnostics (such as rapid drug screening and animal modeling) to predetermine the safety and efficacy of personalized treatments for individual patients (Fig. 2) (47, 48) . Information about the genetic aberrations, the gene expression profiles, and the patient-specific drug responses helps guide new off-label uses of U.S. Food and Drug Administration-approved therapies, which could not have been predicted from sequencing alone. By integrating data from multiple independent methodologies, these approaches can cross-validate personalized therapies for cancer patients. These approaches have particular relevance for patients with advanced disease or multidrugresistant cancers, where standard therapies have failed.
To formulate and test patient-specific combination therapies, clinicians require model systems that accurately recapitulate the salient characteristics of the native tumor. Microenvironmental and systemic metabolic feedback mechanisms (such as increases in insulin secretion upon treatment with PI3K inhibitors) have the capacity to markedly alter tumor responses to therapy but are frequently not accounted for in culture platforms being applied in the precision medicine setting (49) . Such shortcomings may account for divergence between in vitro and in vivo responses observed in the precision medicine context (47) . Therefore, model systems must be attentive toward the constellation of interdependent variables that influence drug sensitivity, including the genetic composition, proximal microenvironment, and systemic factors.
Patient-derived xenograft (PDX) models seem to be the most suitable platform to preserve the clonal architecture of the original patient sample, as well as its gene expression, histology, and epigenetic profile. PDXs, for which pieces of a patient's primary tumor are propagated in immunodeficient mice, enable highly representative co-clinical testing of drug combinations (48) . However, this approach is extremely time-consuming, is expensive, and lacks the capacity for highthroughput screening or precise experimental manipulation. Furthermore, PDXs select for specific cell types over time and lack a functional immune system. Notable differences between humans and animals can result in discrepancies with regard to drug metabolism and signaling mechanisms (50) . These challenges might be overcome by complementing PDX models with physiologically relevant in vitro assays that can be used to quickly and accurately perform high-throughput screening with potential therapeutic agents and provide mechanistic information to guide treatment. As researchers develop new methods for maintaining the full complement of immune cells in cultured systems, advanced in vitro models can be used to examine the impact of immune cells and immune targeted therapies on tumor metabolism and the microenvironment as well as their role in tumor clearance, questions that cannot be readily addressed in immunodeficient murine systems (9, 51, 52) .
Patient-derived microphysiological systems combine the biological complexity of primary tissue samples with the simplicity of in vitro analysis. The fast timing, low cost, and small tissue volumes permit testing large numbers of drug permutations and dose regimens, thereby ranking optimal combinations to be tested in vivo. Furthermore, engineered, clinically derived culture models might help improve the use of antimetabolic agents in precision oncology. Efforts to study cancer metabolism in vitro rarely consider the ubiquitous effects of vascular transport phenome na and matrix mechanical properties. This poses a challenge, because both parameters affect not only the local concentrations of biochemical factors but also the bioavailability of drugs, which is viewed as a major determinant of resistance to therapy but is often overlooked in molecular analyses of clinical specimens and in chemosensitivity testing. Functional screening platforms that incorporate a full range of biophysical cues might help predict whether a specific patient is likely to benefit from treatments with drugs that target the specific vulnerabilities afforded by tumor metabolism. Furthermore, incorporating patient samples into sophisticated microphysiological systems may pro vide spatial information about how the activity of cells in different regions of a controlled microenvironment might simulate heterogeneous responses to targeted therapies. As microphysiological culture platforms move toward clinical settings, they offer a promising strategy for guiding patient-specific drug selection and treatment modalities.
CONCLUSIONS
Physical scientists and engineers can contribute new tools and insights into the mechanisms by which cells, tissues, and organ systems regulate metabolic processes. Such outcomes require the expertise of biologists and clinical oncologists, who are most directly familiar with the physiology of patient 
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tissues. The cross-disciplinary exchange of knowledge ensures the advancement of technologies and treatments to preserve or restore human health. This dialogue is especially critical for developing patient-derived model systems that faithfully recapitulate matrix mechanics and transport properties to evaluate antimetabolic therapies in precision medicine settings.
